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In the context of a warped extra-dimension with Standard Model fields in the bulk, we obtain the
general flavor structure of the Radion couplings to fermions and show that the result is independent
on the particular nature of the Higgs mechanism (bulk or brane localized). These couplings will
be generically misaligned with respect to the fermion mass matrix when the fermion bulk mass
parameters are not all degenerate. When the Radion is light enough, the generic size of these tree-
level flavor changing couplings will be strongly constrained by the experimental bounds on ∆F = 2
processes. At the LHC the possibility of a heavier Radion decaying into top and charm quarks is
then considered as a promising signal to probe the flavor structure of both the Radion sector and
the whole scenario.
PACS numbers:
Introducing a warped extra-dimension in such a way
as to create an exponential scale hierarchy between the
two boundaries of the extra dimension [1] has generated
a lot of attention in the recent years as a novel approach
to solve the hierarchy problem. By placing the Standard
Model (SM) fermions in the bulk of the extra dimension
it was then realized that one can simultaneously address
the fermion mass hierarchy puzzle [2]. In this context
the main constraints come from precision electroweak
bounds as well as from low energy flavor violating pro-
cesses [3, 4, 5, 6], pushing the scale of new physics (the
mass of the lowest KK excitations) to several TeV. In
these scenarios, the metric fluctuations contain a scalar
degree of freedom - the Radion, whose mass and cou-
plings could make it the first new physics state to be
discovered at the LHC. In the original RS1 setup [1], the
Radion phenomenology was extensively studied and ana-
lyzed including the possibility of some amount of mixing
with the Higgs scalar [7, 8, 9]. But it wasn’t until rela-
tively recently [10, 11, 12] that Radion interactions with
bulk SM fields were fully considered. In this letter we
want to extend these last investigations to include the
full fermion flavor structure to the Radion couplings and
show that as opposed to the original RS1 scenario, there
is a prediction for generic flavor violating Radion cou-
plings to fermions. The spacetime we consider takes the
usual Randall-Sundrum form [1]:
ds2 =
R2
z2
(
ηµνdx
µdxν − dz2
)
, (1)
with the UV (IR) branes localized at z = R (z = R′).
The Radion can be parametrized by the following scalar
perturbation of metric:
ds2 =
(
R
z
)2
(e−2F ηµνdx
µdxν − (1 + 2F )2dz2) (2)
Demanding that the perturbed metric solves the Einstein
equation and that the Radion field is canonically normal-
ized, we get
F =
r(x)
Λr
z2
R′2
(3)
where r(x) is the corresponding canonically normalized
Radion graviscalar with its associated interaction scale
Λr =
√
6 R
R′
MPl. We assume that some unknown dynam-
ics (e.g. the Goldberger-Wise mechanism [13]) will fix the
inter-brane distance and give a positive mass squared to
the Radion, and that it gives negligible back-reaction to
the metric. The couplings between bulk SM fermions
and the Radion are calculated in [11] in the case of one
generation, with a brane localized Higgs. We are inter-
ested here in the flavor structure of these couplings when
all families of fermions are considered, and for the more
general case of a 5D bulk Higgs H [14]. To this end let
us focus on the up-sector of the simple setup in which
we consider the 5D fermions Qi, Ui, with flavor indices
i, j = 1, 2, 3. They contain the 4D SM SU(2)L doublet
and singlet fermions respectively with a 5D action
Sfermion=
∫
d4xdz
√
g
[ i
2
(Q¯iΓADAQi −DAQ¯iΓAQi)
+
cqi
R
Q¯iQi + (Q → U) +
(
Yij
√
R Q¯iHUj + h.c.
) ]
(4)
where
cqi
R
,
cui
R
are the 5D fermion masses, and we choose
to work in the basis where they are diagonal in 5D flavor
2space. The bulk Higgs acquires a nontrivial VEV v(z)
localized towards the IR brane solving the Planck-weak
hierarchy problem. Note that the special case of brane-
localized Higgs case can be treated as a limit of the bulk
Higgs case. After writing the 5D fermions in two com-
ponent notation, Qi =
( QiL
Q¯iR
)
and Ui =
( U iL
U¯ iR
)
, we
perform a “mixed” KK decomposition as
QiL(x, z) = QijL (z) qjL(x) + ... (5)
Q¯iR(x, z) = QijR(z)u¯jR(x) + ... (6)
U iL(x, z) = U ijL (z)qjL(x) + ... (7)
U¯ iR(x, z) = U ijR (z) u¯jR(x) + ... (8)
where we have only written the 4D SM fermions
qjL(x), u
j
R(x) and where Q
ij
L,R(z), U
ij
L,R(z) are the corre-
sponding profiles along the extra dimension. The fields
qiL(x) and u
j
R(x) verify the Dirac equation
− iσ¯µ∂µqiL +mij u¯jR = 0, (9)
−iσµ∂µu¯iR +mij qjL = 0, (10)
with the 4D SM fermion mass matrix mij not necessar-
ily diagonal in flavor space. The couplings between Ra-
dion and SM fermions can be calculated by inserting the
perturbed metric of Eq. (2) and the 5D fermion KK de-
compositions of Eqs. (5-8) into the action of Eq. (4). To
proceed we used a perturbative approach treating the 4D
fermion masses mij as small expansion parameters (i.e.
we assumed mijR
′ ≪ 1) keeping only first order terms.
In this limit, the profiles QijL (z) and U
ij
R (z) match the
simple wave-functions for massless zero-modes. No other
explicit profile solution is required since we just need to
properly insert and use the KK equations for QijR(z) and
U ijL (z) into Eq. (4). A subtlety however is that the 5D
bulk Higgs field perturbation contains itself some Radion
degree of freedom. This can be seen from solving the
Higgs equations of motion in the perturbed background
of Eq. (2), which requires the KK expansion of the 5D
Higgs field to be of the form
H(x, z) = v(z)− z
3v′(z)
R′2
[
1−
(
R′
z
)2]
r(x)
Λr
+ · · · (11)
where the · · · contain the 4D light Higgs and the rest
of the Higgs KK modes. This result gives an additional
contribution to the Radion coupling to fermions. It is
possible to show that the general formula for the Radion
coupling to SM fermions is
−r(x)
Λr
(
qiLu
j
R + q¯
i
Lu¯
j
R
)
muij
[I(cqi) + I(−cuj )] (12)
where we have defined
I(c) =
[
(1
2
− c)
1− (R/R′)1−2c
+ c
]
≈
{
c ( c > 1/2 )
1
2
( c < 1/2 )
. (13)
For one generation of fermions, this result agrees with
the formulae obtained in [11] and it can also be under-
stood from the following intuitive argument. When the
4D SM fermion mass is generated near the IR brane, its
dependence on 1
R′
is
mij ∝ f(cqi)f(−cuj )
R
R′
(14)
with f(c) proportional to the zero mode wavefunction of
the fermions evaluated at IR brane
f(c) =
√
1− 2c
1− (R/R′)1−2c (15)
Since the Radion is basically a fluctuation of the IR brane
location, its couplings with SM fermions can also be ob-
tained by replacing 1
R′
→ 1
R′
(1 − r
Λr
) in the fermion
mass matrix [11]. Then it is easy to check that we re-
produce the result of Eq. (12). Non-univeralities in the
term
[I(cqi ) + I(−cuj )] will lead to a misalignment be-
tween the Radion couplings and the fermion mass ma-
trix1. After diagonalization of the fermion mass matrix,
flavor violating couplings will be generated and can be
parametrized as
LFV = r
Λr
(u¯iLu
j
Raij
√
mimj + h.c.) (i 6= j) (16)
where ui are the quark mass eigenstates with masses mi.
The extension to the down quark sector and charged lep-
tons is immediate.
To study the consequences of this result, we will con-
sider models with flavor anarchy i.e. where all the hier-
archies in the fermion sector are explained by the warp
factors and all 5D Lagrangian parameters are of the same
order [5]. In this class of models the natural size of aij is
aij ∼ (∆Iij)
√
f(cqi)f(−cuj)
f(cqj)f(−cui) (17)
where ∆Iij ∼ O(0.1)2 is the deviation of[I(cqi ) + I(−cuj )] from its mean value. We perform
a scan over the 5D fermion masses and “anarchical”
Yukawa couplings leading to the observed SM fermion
masses and CKM mixing angles and obtain a distribu-
tion for the parameters aij . For example, the average
values of the parameter ad12 and a
d
21 are of order ∼ 0.07
and 70% of the time they are distributed between
1 This will remain true in the presence of fermion brane kinetic
mixings although the flavor structure of (Eq.12) will be modified.
2 This estimate is only valid for models that explain the Planck-
weak hierarchy. But for little RS models [16], the deviation could
be a few times larger.
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FIG. 1: Bounds in the (mr − Λr) plane coming from ǫK
for different values of the flavor violating parameter ads =p
|ad
12
ad∗
21
|. In flavor anarchy models [5], typical values for
ads range between 0.03 and 0.12. In Little RS [16] this pa-
rameter can reach values a few times larger. One can re-
late the scale Λr to the mass of the lightest KK gluon as
MKKG1 ≃ Λr/(MPlR), as shown on the RHS of the figure.
0.03 < ad12, a
d
21 < 0.12. The average value of the param-
eter au23(a
u
32) are ∼ 0.08(0.05) and 70% of the times they
are between 0.03 < au23 < 0.13 (0.01 < a
u
32 < 0.09).
The first thing to study is how constrained are the
Radion parameters due to low energy observables such
as ∆F = 2 processes. The processes mediated by virtual
Radion exchange will have the following flavor structure
q¯αiLq
α
jR q¯
β
kLq
β
nR (18)
α, β are color indices and i, j, k, n are flavor indices. One
can see that this interaction can be parametrized by
standard Q2, Q4 operators (see for example [15]). The
strongest constraints will come from ǫK ; and the model
independent constraint on the size of new physics con-
tributions to the imaginary part of the Wilson coeffi-
cient C4K , renormalized at the scale 50 GeV, is ImC4 .
1.2× 10−10TeV−2 [17]3. From Eq. (16) it is easy to com-
pute the contribution from a tree-level Radion exchange
as Im(CRadion4 ) ≈ mdmsIm(ad12ad∗21)/(Λ2rm2r) and there-
fore the experimental bound requires that ads/(Λrmr) <
0.44 TeV−2, where we define ads ≡
√
|ad12ad∗21 | and as-
sume order one phase. In Fig. 1, we show the bounds
for different values of ads in the (mr, Λr) plane. The
scale Λr is directly related to the lightest KK gluon mass
by MKKG1 ≃ Λr/(MPlR), and so one can easily convert
bounds on the KK mass into bounds on Λr. It is also
3 We used the RG equations in [18]. Constraints on the coefficient
C2 are weaker by a factor of five and the bounds from Bd mixing
are weaker by an order of magnitude, so we ignored them in the
present analysis.
interesting to note that the bounds from flavor physics
give strong constraints for a very light Radion, precisely
the hardest possibility to probe at the LHC due to its
dominant hadronic decay channels. A light Radion with
flavor violating couplings can also become a top quark de-
cay product, in processes such as t→ rc or t→ ru, where
u and c are the up and charm quarks. We have checked
that, due to the suppressed couplings coming from Λr,
this signal [19] will not be visible at the LHC unless the
flavor violating parameters ai3 or a3i take unnaturally
large values (O(1)).
For a heavier Radion (& 200 GeV), the most promising
discovery channel would be r → ZZ → 4l due to its clean
signal. Translating the LHC Higgs Search analysis [20]
into Radion LHC reach, one finds that both CMS and
ATLAS should separately be able to claim discovery for
Λr . 5 TeV with 30 fb
−1 of data [22]. To study the flavor
structure of such a heavy Radion, we consider the channel
r → t¯c, tc¯ (see for example [21] in top-condensation mod-
els). We define atc ≡
√
(|au23|2 + |au32|2)/2 to parametrize
the flavor violating coupling between Radion and top
charm. The signal we focus on is p p → tc → b l ν c
(where l stands for electrons and muons). And the
main backgrounds are: (i) p, p → t j → b l ν j; (ii)
p, p → W j j → l ν j j, where one of the light jet is
mistagged as b quark; (iii) p p → W b¯ b → b b¯ l ν, where
one of the b jet is mistagged; (iv) p p→ t¯ t→ b l+ ν b¯ l− ν¯
where one b jet is mistagged and one of the charged lep-
ton is lost in beam pipe (|yl| > 2.5) or it is merged with
one of the jets (∆Rjl < 0.6). We use CalcHEP [23]
and PYTHIA 2.6 [24] to obtain both signal and back-
ground cross sections and estimate the potential LHC
reach for this signal. For this we fix the Radion interac-
tion scale to Λr = 2 TeV, and use three different values
for its mass, mr = 250, 300 and 350 GeV. We impose
lepton and jet acceptance cuts on transverse momenta
pj,lT > 20 GeV, on rapidities, |yj,l| < 2.5, and on angu-
lar separation ∆Rlj > 0.6 and ∆Rjj > 0.6. We assume
that neutrino momentum can be reconstructed. We de-
mand additionally that the total event’s invariant mass
reconstructs to the Radion’s mass Mblνj ∈ (mr− 5 GeV,
mr + 5 GeV), and that the blν invariant mass recon-
structs to the top massMblν ∈ (170 GeV, 180 GeV). We
also tighten the rapidity cut on the light jet, |yj | < 1.5.
We assume that the Radion would have been discovered
through r → ZZ channel and thus measured its mass
mr. Because the Radion decay width is extremely small
(Γr < 0.15 GeV in this mass range), the window to use
for the total invariant mass is controled by the exper-
imental jet energy resolution (we used a window of ±5
GeV). The results are shown in Table. I. As noted in [12],
a small amount of Higgs-Radion mixing [7], parametrized
by the Lagrangian parameter ξ, can dramatically reduce
the principal Radion decay channels. This could then
enhance secondary decay channels, such as r → γγ, and
in this case r → t¯c(tc¯). In Fig. 2 we plot contours for
4the LHC reach in the (atc vs. ξ) plane, for mr = 250
GeV and different values of Λr. We can see that at least
for some ranges of ξ, the LHC should be able to probe
typical values of atc in flavor anarchy models. Of course
a more realistic study of this signal should be carried
out, including a full detector simulation as well as the
hadronic decay mode of the intermediate W boson.
mr 250 GeV 300 GeV 350 GeV
Signal a2tc × 21 fb a2tc × 15 fb a2tc × 9 fb
Background 280 fb 199 fb 136 fb
TABLE I: Signal and background for different Radion masses
with Λr = 2 TeV (and no Higgs-Radion mixing). We multi-
plied by a K-factor of 2.4 for the signal, to account for QCD
corrections in the Radion production from gluon fusion.
In this letter we derived the general flavor structure
of the Radion couplings to bulk fermions, and showed
that the same result holds for both bulk and brane Higgs
scenarios. The SM fermion masses and Radion couplings
will be misaligned when the 5D fermion bulk mass param-
eters are non-degenerate. This will then lead to FCNC’s
mediated by the Radion, and if it is light enough low en-
ergy observables such as ǫK will put strong constraints
on the model parameters. For a heavier Radion, presum-
ably already disovered through its decay into Z bosons,
one could study the possibility of flavor changing neutral
decays such as r → tc. Although challenging, we esti-
mated that after 300 fb−1 of data an interesting region
of the Radion parameter space could be probed, gaining
very valuable information on the flavor substructure of
the whole model.
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FIG. 2: Contours in the (ξ−atc) plane of the estimated signal
significance S/
√
B = 3 for the process (pp → r → tc) at the
LHC for 300 fb−1 of data. ξ is the Higgs-Radion mixing pa-
rameter and atc is the flavor violating parameter which gives
rise to the Radion coupling to top-charm.
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